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ABSTRACT
We study young star-forming clumps on physical scales of 10 − 500 pc in the Lyman-
Alpha Reference Sample (LARS), a collection of low-redshift (z = 0.03 − 0.2) UV-
selected star-forming galaxies. In each of the 14 galaxies of the sample, we detect
clumps for which we derive sizes and magnitudes in 5 UV-optical filters. The final
sample includes ∼ 1400 clumps, of which ∼ 600 have magnitude uncertainties below
0.3 in all filters. The UV luminosity function for the total sample of clumps is described
by a power-law with slope α = −2.03+0.11−0.13. Clumps in the LARS galaxies have on average
ΣSFR values higher than what observed in HII regions of local galaxies and comparable
to typical SFR densities of clumps in z = 1 − 3 galaxies. We derive the clumpiness as
the relative contribution from clumps to the UV emission of each galaxy, and study
it as a function of galactic-scale properties, i.e. ΣSFR and the ratio between rotational
and dispersion velocities of the gas (vs/σ0). We find that in galaxies with higher ΣSFR
or lower vs/σ0, clumps dominate the UV emission of their host systems. All LARS
galaxies with Lyα escape fractions larger than 10% have more than 50% of the UV
luminosity from clumps. We tested the robustness of these results against the effect
of different physical resolutions. At low resolution, the measured clumpiness appears
more elevated than if we could resolve clumps down to single clusters. This effect is
small in the redshift range covered by LARS, thus our results are not driven by the
physical resolution.
Key words: galaxies – galaxies: starburst – galaxies: star clusters – galaxies: star
formation
1 INTRODUCTION
High-redshift (z & 1) star-forming galaxies are morphologi-
cally dominated by clumpy structures (Cowie et al. 1995; van
den Bergh et al. 1996) which can account for ∼ 40% of the
galactic rest-frame UV emission (e.g. Elmegreen et al. 2005).
Such star-forming clumps have observed sizes ∼ 0.1−1.5 kpc
and estimated masses M ∼ 108 − 109 M (Elmegreen et al.
2007; Guo et al. 2012; Tacconi et al. 2013). Their surface
densities are ∼ 8 times the disk density and many of them
form stars at high rate (SFR ∼ 0.5 − 100 M/yr, Fo¨rster
Schreiber et al. 2011; Genzel et al. 2011). These characteris-
tics make them very different to the ‘moderate’ star-forming
regions observed in the local universe. The difference must
be set by the specific conditions of galaxies at high redshift:
? E-mail: matteo.messa@astro.su.se
the majority of high-redshift galaxies show signs of rotation,
indicating the presence of disks (Genzel et al. 2006; Fo¨rster
Schreiber et al. 2006; Shapiro et al. 2008), which have been
observed to be highly turbulent (Cresci et al. 2009; Fo¨rster
Schreiber et al. 2009; Wisnioski et al. 2015) and with gas-
to-stellar mass ratios > 2 times higher than in local disks
(Tacconi et al. 2008, 2013; Saintonge et al. 2013). The stan-
dard interpretation is that giant clumps are the result of gas
collapse due to gravitational instabilities in the disk, which
at high redshift can fragment at much larger scales because
of its aforementioned properties (e.g. Elmegreen et al. 2009;
Tamburello et al. 2015).
Recent studies on lensed galaxies have allowed the anal-
ysis of high-redshift galaxies down to ∼ 100 pc resolution
(e.g. Livermore et al. 2012; Adamo et al. 2013; Wuyts et al.
2014; Cava et al. 2018) revealing that clumps are on average
smaller and less massive (M ∼ 106 − 108 M) than previ-
© 2019 The Authors
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ously thought. However, there are indications that clump
properties evolve with redshift (Livermore et al. 2015).
Massive clumps shape the morphologies of galaxies and
possibly affect their evolution in the systems we observe lo-
cally. It is still not clear what are the time-scales for clump
survival in their host galaxies. High-redshift clumps have
usually estimated ages around ∼ 100 Myr, which can reach
up to ∼ 1 Gyr (e.g. Guo et al. 2012). Models of clump evo-
lution proposed that they can slowly migrate towards the
centre of the galaxy, where they will eventually coalesce,
contributing to the formation of the galactic bulge and of
the thick disk (Bournaud et al. 2007; Elmegreen 2008). Ob-
servations of single galaxies seem to support this scenario
(e.g. Guo et al. 2012; Adamo et al. 2013; Cava et al. 2018)
but in general the test of such models is limited by the need
for a thorough characterization of both clump properties and
their position in the galaxy.
Feedback from young clumps can also affect the evo-
lution of galaxies, as it is responsible for the suppression
of global star formation and for the formation of a multi-
phase interstellar medium (ISM) (e.g. Hopkins et al. 2012;
Goldbaum et al. 2016). The impact of stellar feedback from
clusters and clumps on galaxies can be so great that it may
facilitate the escape of UV radiation into the inter-galactic
medium (e.g. Bik et al. 2015, 2018). For this reason, under-
standing the feedback process is fundamental to understand
the escape of radiation from galaxies at high redshift and the
reionisation of the universe (Bouwens et al. 2015). Despite
having such a big effect on the galaxy and its surroundings,
the escape of UV radiation is possible only after clearing the
dense clouds surrounding the very young star clusters (Dale
2015; Howard et al. 2018). Both the escape of ionizing radi-
ation and that of resonant lines (e.g. Lyα) strongly depend
on the gas distribution and conditions at sub-galactic scales.
The study of local galaxies with properties resembling
the ones at high redshift allows the exploration of physi-
cal scales impossible to resolve in more distant galaxies and
therefore help the understanding of what regulates the star
formation process. As an example, Fisher et al. (2017a) were
able to study star-forming clumps on scales ∼ 100 pc in the
DYNAMO sample (Green et al. 2014), a collection of galax-
ies at z ∼ 0.1 with high gas fractions (fgas ∼ 20 − 40%, where
fgas ≡ Mmol/(Mmol + M∗), Fisher et al. 2014) and Hα velocity
dispersions 30 − 80 km/s (Green et al. 2014; Bassett et al.
2014), similar to those of high-redshift turbulent, clumpy
disks. Due to the good characterisation of the clumps, the
study of the DYNAMO sample was able to support the in-
stability models describing star-formation at high redshift
and in particular that the galaxy clumpiness is related to
the ratio of velocity dispersion to rotation velocity (Fisher
et al. 2017a,b).
The Lyman-Alpha Reference Sample (LARS) is a
galaxy sample consisting of 14 low-redshift starburst sys-
tems (z = 0.03 − 0.2) observed in multiple bands with the
Hubble Space Telescope (HST) in order to study resolved
Lyα emission from low-redshift galaxies (Hayes et al. 2014;
O¨stlin et al. 2014). The galaxies are characterized in the UV
filters by star-forming clumps, which, due to the proximity
of the galaxies, are resolved down to much smaller spatial
scales (∼ 10 pc) than the high-redshift systems. These ob-
servations can therefore help fill the gap between the star
clusters studied in local galaxies (clusters have typical sizes
< 10 pc) and the more massive clumps observed in more dis-
tant galaxies (studied on scales > 100 pc). The different mor-
phological (O¨stlin et al. 2014; Guaita et al. 2015; Micheva
et al. 2018) and kinematic (Herenz et al. 2016) properties
of the LARS galaxies can be used to test the clumpiness
against the properties of the host galaxies. We divide the
study of star-forming clumps in LARS galaxies in two parts:
in this present work we study the photometric properties of
the clumps, with the goal of understanding what affects the
typical luminosities and surface brightnesses of clumps, as
well as the clumpiness of the galaxies themselves. In a sec-
ond work (Messa et al., in prep) we study physical properties
(ages, masses, extinctions) of clumps, derived via broadband
SED fitting, and study the ionizing budget of clumps, com-
paring it to the observations of Lyα and Hα maps. This
paper is divided as following: in Section 2 we describe the
sample selection, observation and some derived properties
of the LARS sample, briefly summarizing previous works of
the LARS collaboration. In Section 3 we describe the extrac-
tion of the clump catalogue and its photometric analysis. In
Section 4 we present the results of the analysis. Finally, the
main analyses and findings of this work are summarized in
the conclusions, Section 5.
2 SAMPLE OF STUDY AND OBSERVATIONS
The galaxies used in this study constitute the Lyman-Alpha
Reference Sample (LARS), whose properties and selection
are extensively described in O¨stlin et al. (2014). We report
here a summary of the sample selection, observations and
main galaxy properties.
2.1 Sample selection
LARS is a sample of 14 galaxies in the low-redshift uni-
verse, with redshifts spanning the range z = 0.028 − 0.18.
They were selected from a cross-match between SDSS(DR6)
and GALEX(DR3) catalogues as star-forming galaxies, with
EW(Hα) > 100 A˚. It was found that this criterion leads to
samples dominated by compact systems, mainly of irregu-
lar morphology (Heckman et al. 2005), whereas lowering the
EW(Hα) limit would favour the inclusion of more ordinary-
looking disk galaxies. Galaxies with strong active galactic
nuclei (AGN) were rejected by selecting galaxies with narrow
Hα line widths (line-of-sight FWHM < 300 km/s) and based
on their position on the BPT diagram (Baldwin et al. 1981).
In selecting the targets following these two main criteria, an
effort was made to cover a wide range of FUV luminosities
and priority was given to low-z galaxies (in order to better
characterize sub-galactic scales) and to galaxies with HST
archival data. The selected sample of 14 galaxies is listed in
Tab 1, together with their main properties derived by SDSS
and GALEX. They span a FUV luminosity range between
log(νLν/L) = 9.2 and log(νLν/L) = 10.7, which encom-
passes that of high-z Lyman-α emitters (LAEs, e.g. Nilsson
et al. 2009), GALEX−selected LAEs (Deharveng et al. 2008),
and z ∼ 0.3 GALEX−selected Lyman-break galaxy (LBG)
analogues (Hoopes et al. 2007; Overzier et al. 2008).
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Table 1. Properties of the LARS galaxies, from O¨stlin et al. (2014) (columns 1-5), this work (columns 6-9), Herenz et al. (2016) (column 10-11) and Melinder et al., in prep. (column 12).
The values in the columns are: (1) redshift; (2) Hα equivalent width; (3) UV luminosity; (4) oxygen abundance in units of 12+log(O/H), determined utilizing the temperature-sensitive
[OIII]4363 line; (5) oxygen abundance derived by the empirical O3N2 relation; (6) galactic radius (rg ≡
√
A/pi); (7) SFR derived from FUV luminosity; (8) stellar mass of the galaxy,
summing the contribution of old and young stellar populations; (9) average SFR surface density (derived from values in column 4 and 5); (10) dispersion velocities of ionized gas (derived
from Hα emission); (11) ratio between shear and dispersion velocities of ionized gas (derived from Hα emission); (12) escape fraction of Lyα radiation. More details are given in the text.
ID z W(Hα) log(LUV/L) O/HTe O/HO3N2 rg SFRUV M∗ ΣSFR σ0 vshear/σ0 fesc(Lyα)
(A˚) (kpc) (M/yr) (1010 M) (M/yr/kpc2) (km/s)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
01 0.028 575 9.92 8.070 8.242 2.70 7.45 ± 0.16 1.096 ± 0.014 0.3253 ± 0.0071 47.5 ± 0.1 1.2 ± 0.1 0.205 ± 0.003
02 0.030 315 9.48 8.041 8.226 3.60 1.43 ± 0.09 0.560 ± 0.012 0.0351 ± 0.0022 38.6 ± 0.9 0.6 ± 0.1 0.444 ± 0.011
03 0.031 241 9.52 ... 8.414 6.97 23.25 ± 1.29 2.694 ± 0.268 0.1523 ± 0.0084 99.5 ± 3.7 1.4 ± 0.2 0.008 ± 0.001
04 0.033 237 9.93 8.191 8.191 5.86 2.74 ± 0.01 2.477 ± 0.013 0.0254 ± 0.0001 44.1 ± 0.1 1.7 ± 0.1 0.000 ± 0.002
05 0.034 340 10.01 7.800 8.124 2.17 3.40 ± 0.01 0.862 ± 0.003 0.2299 ± 0.0008 46.8 ± 0.3 0.8 ± 0.1 0.174 ± 0.004
06 0.034 464 9.20 7.864 8.082 4.96 0.47 ± 0.02 0.474 ± 0.011 0.0061 ± 0.0002 27.2 ± 0.3 1.9 ± 0.2 0.000 ± 0.012
07 0.038 434 9.75 7.911 8.352 2.28 4.02 ± 0.10 0.619 ± 0.006 0.2462 ± 0.0058 58.7 ± 0.3 0.5 ± 0.1 0.156 ± 0.004
08 0.038 170 10.15 ... 8.505 7.63 39.01 ± 5.09 8.095 ± 0.280 0.2133 ± 0.0278 49.0 ± 0.1 3.2 ± 0.1 0.008 ± 0.001
09 0.047 522 10.46 8.051 8.366 7.17 31.12 ± 0.68 5.199 ± 0.039 0.1927 ± 0.0042 58.6 ± 0.1 3.1 ± 0.1 0.025 ± 0.001
10 0.057 100 9.74 ... 8.505 5.49 2.42 ± 0.13 2.130 ± 0.030 0.0256 ± 0.0014 38.2 ± 1.0 0.9 ± 0.2 0.020 ± 0.004
11 0.084 108 10.70 ... 8.436 8.93 23.23 ± 1.16 12.436 ± 0.176 0.0927 ± 0.0046 69.3 ± 3.8 2.1 ± 0.3 0.085 ± 0.004
12 0.102 447 10.53 8.008 8.342 2.71 13.50 ± 0.24 2.788 ± 0.030 0.5850 ± 0.0106 72.7 ± 1.0 1.3 ± 0.1 0.041 ± 0.002
13 0.147 226 10.60 ... 8.503 5.15 15.24 ± 2.19 3.904 ± 0.218 0.1829 ± 0.0263 69.2 ± 0.7 2.5 ± 0.2 0.010 ± 0.008
14 0.181 605 10.69 7.823 8.055 1.89 13.92 ± 0.12 0.711 ± 0.014 1.2404 ± 0.0104 67.3 ± 1.3 0.6 ± 0.1 0.358 ± 0.017
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2.2 HST observations
LARS galaxies were imaged using multi-band observations
with HST. The filters were chosen to be able to character-
ize emission from stellar continuum as well as from Hα, Hβ
and Lyα lines. Hα and Hβ were observed via narrowband
filters. Emission from Lyα was imaged using a synthetic fil-
ter made from the combination of long-pass filters of the
solar-blind channel (SBC) camera, F125LP and F140LP for
LARS01 to LARS12 and F140LP and F150LP for LARS13
and LARS14. The stellar continuum was sampled near the
Lyα line with the F150LP filter and on both sides of the
4000 A˚ break in U and B bands (Hayes et al. 2009). This
filter combination allows us to derive ages and masses for
the stellar component of the galaxy via broadband SED fit-
ting. In order to obtain a better accuracy in the SED fit,
a filter at redder wavelengths is also included (i band). A
typical filter set for LARS observations consist therefore of
ACS1/SBC F125LP, F140LP and F150LP, WFC32/UVIS
F336W, F438W, F775W, F502N and F673N. This is, for ex-
ample, the set of filters used for observing all LARS galax-
ies between LARS01 and LARS12, excluding LARS03. Even
though no conversion is applied to the Johnsons-Cousins fil-
ter system, for the reminder of the paper we keep the same
nomenclature, due to the similarity of the central wavelength
between that system and our data, in particular referring to
F336W, F438W, F775W filters as U, B and i band respec-
tively. A complete list of filter sets and exposure times for
the LARS observations is given in Tab. 4 of O¨stlin et al.
(2014). LARS13 and LARS14 count one filter less than the
other galaxies, since observations in the F125LP filter were
not necessary. The LARS galaxies as observed in the F140LP
filter (corresponding to rest-frame wavelength ∼ 1500A˚) are
shown in Fig. 1. All data were drizzled to the same pixel
scale of 0.04 arcsec/pixel.
2.3 Ancillary observations
In order to characterize the ISM inside and around the LARS
galaxies, the sample was observed in different wavelength
ranges with other facilities, such as the 100-m Green Bank
Telescope (GBT) and the Karl G. Jansky Very Large Ar-
ray (VLA) to spectroscopically study the HI emission from
the neutral gas (Pardy et al. 2014) and the Potsdam Multi-
Aperture Spectrophotometer (PMAS) to study resolved Hα
kinematics (Herenz et al. 2016). The HI observations avail-
able are on much larger scales (∼ 10 times) than the size
of the galaxies themselves and are therefore characterizing
the properties of the neutral gas surrounding the galaxies.
On the other hand, PMAS observation have spatial reso-
lution around ∼ 1′′ (equivalent to ∼ 0.6 kpc in the closest
galaxy and to ∼ 3 kpc in the furthest one) and allowed a
sub-galactic analysis of LARS galaxies. Details of the ob-
servations, data reduction and data analysis of the PMAS
data are given in Herenz et al. (2016) and we report here
only the derived global properties of the Hα kinematics, in
order to use them to characterize the galaxies in the anal-
yses of this current work. Values of these global properties
1 ACS: Advanced Camera for Surveys.
2 WFC3: Wide Field Camera 3.
are listed in Tab. 1. In more detail, the shearing velocity,
vs, which measures large-scale gas bulk motions along the
line of sight, was calculated considering the minimum and
maximum velocities of Hα, via vs = (vmax − vmin)/2, without
inclination corrections. The second global property derived
is the intrinsic velocity dispersion, σ0, which measures the
strength of random motions of the ionized gas. It is derived
as the flux-weighted average of the velocity dispersion in
each spaxel in the galaxy. Combining these two parameters
we can use the ratio vs/σ0 as a quantification of whether the
gas kinematic is dominated by ordered or turbulent motions.
Usually galaxies with vs/σ0 < 1 are considered dispersion-
dominated systems. We point out that high values of vs do
not necessarily imply the presence of rotating disks.
2.4 Summary of the LARS derived properties
The main goal of the LARS project is the study of geomet-
rically resolved Lyα emission from star-forming galaxies. To
accomplish this, the broad and narrow-band observations
are used to fit the stellar and nebular content of the galaxy.
Once the contribution of the stellar continuum in the bluest
FUV filter is derived and subtracted, the observation in that
same filter is used to image the Lyα emission of the galaxy.
In order to do so, the frames in various filter are reduced,
aligned and PSF-matched (i.e. all are convolved in order to
have the same synthetic PSF). The method is explained in
detail in Melinder et al. (in prep), where an updated analy-
sis of the LARS galaxies, together with the extension of the
project (eLARS) consisting of 28 additional galaxies, will be
given. As by-products of the SED fitting we produce maps of
some important properties of the galaxies, such as Hα (con-
tinuum subtracted) maps and stellar masses. An overview
of these properties for the LARS and eLARS samples are
given in Hayes et al. (2014) and Melinder et al. (in prep).
We describe here some of the properties derived in the anal-
ysis of Melinder et al. (in prep), which will be used in this
work.
First of all, since we want to consider global properties,
we need to define the physical extent of each galaxy. The ex-
tension of the galaxy was measured on the FUV continuum
images, binned using a Voronoi tessellation algorithm in or-
der to maintain sufficient signal-to-noise in the outskirts.
We define the area over which we measure global proper-
ties by including all spatial bins with fluxes greater than the
isophotal level that encompass 90% of the FUV continuum
flux. In this way the clumps are included in the considered
region while high-flux noise peaks outside the galaxies are
neglected. The star formation rate (SFR) of the galaxy is
derived by summing the FUV continuum flux (extinction
corrected) emission inside the galaxy area and using the
Kennicutt & Evans (2012) conversion. Stellar mass maps
comes from the SED fitting of the Voronoi tessellated maps
of the galaxies, where two simple stellar populations (an
old one and a young one) are modelled. The mass of both
are summed inside the galaxy area. Radii, SFRs and stel-
lar masses, M∗ are listed in Tab. 1. The radius reported on
the table correspond to one of a circularized region with the
same surface as the area of the galaxy we are considering
(rg ≡
√
A/pi). We list in the last column of Tab. 1 the val-
ues for the escape fractions of Lyα radiation, fesc(Lyα). In
MNRAS 000, 1–24 (2019)
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L01
5 kpc
L02 L03
L04 L05 L06
L07 L08 L09
Figure 1. Zoom-in of the LARS sample as observed in the F140LP filter (F150LP for LARS13 and LARS14), corresponding to a
rest-frame wavelength of ∼ 1500 A˚. The UV -bright star forming clumps are visible in all galaxies. North is up and east to the left. Black
bars in the lower right corner show a physical size of 5 kpc.
order to take into account the scattering of Lyα away from
the galaxy, this is measured in a larger region (optimized
to get the highest possible signal-to-noise in Lyα) than the
one used for SFR and M∗. A detailed description about the
calculation of fesc(Lyα) is given in Melinder et al. (in prep).
Other properties of the LARS galaxies, mainly derived by
SDSS data, can be found in O¨stlin et al. (2014).
2.5 Comparison to other low and high-redshift
samples
The LARS galaxies were put in the broader context of
other galaxy populations in O¨stlin et al. (2014) and in
Guaita et al. (2015). Reporting the considerations discussed
in those works, LARS galaxies can be studied as reference
of 109 − 1011 M high-z (2<z<3) star-forming galaxies (e.g.
Law et al. 2012). They also have continuum sizes and stel-
lar masses similar to those of local starburst Lyman break
analogues at z ∼ 0.2 (e.g. Overzier et al. 2009, 2010). In
MNRAS 000, 1–24 (2019)
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L10 L11 L12
L13 L14
Figure 1. Continued.
this current work we will compare the stellar clumps of the
LARS galaxies to other samples at different redshift. In par-
ticular, another local sample of galaxies used as reference
for high-redshift systems is the DYNAMO sample (Green
et al. 2014), where stellar clumps have been studied down
to physical scales of ∼ 30 pc (Fisher et al. 2017a). Differently
from our sample, the DYNAMO galaxies used in the Fisher
et al. (2017a) study have been selected to host disks with
significant velocity gradients and large gas velocity disper-
sions in the outer disk, σHα ∼ 30 − 80 km/s, resulting in a
sample dominated by strong rotators. On the other hand,
LARS galaxies were selected on Hα equivalent width and
FUV emission, in order to ensure galaxies with recent bursts
of star formation, but without imposing any constraint on
the galaxy dynamics. The resulting sample is dominated,
in the morphology and in the dynamics, by irregular and
merging systems (Guaita et al. 2015; Herenz et al. 2016).
Because of their irregular morphologies and elevated star
formation, LARS galaxies could be analogs of merging sys-
tems, like the Antennae, which have been observed to host
massive star clusters and cluster complexes (e.g. Whitmore
et al. 1999; Wilson et al. 2000).
3 CLUMP EXTRACTION AND
PHOTOMETRY
We created a catalogue of clumps by running the SExtractor
software (Bertin & Arnouts 1996) on each of the galaxies.
The B-band filter was used as the reference filter for the
extraction, as it constitutes a good compromise between the
UV, where the young clumps are brightest but the extinction
is also the highest, and the longer wavelengths, where the
extinction is lower but the clumps are mixed with the older
stellar field of the galaxies, which dominates the light at
these wavelengths.
When finding the sources with SExtractor we noticed
two critical aspects that strongly affect the process. First,
LARS galaxies have diffuse light emission of very different
surface brightnesses, often caused by their disturbed mor-
phologies, and this requires the ability of extracting clumps
located at different background levels. In some cases, the
background level changes on scales of a few pixels. In addi-
tion, clumps are often clustered together, with the necessity
of high deblending factors. For these reasons, in order to
avoid missing sources, for half of the galaxies we ran SEx-
tractor twice, with different input parameters and in partic-
ular with different sizes of the rectangular grid inside which
local background is estimated (Ba). Other key parameters
of the extraction were the threshold signal-to-noise per pixel
which defined a detection (DT), the deblending parameter
for nearby sources (Deb, i.e. the minimum flux fraction that
MNRAS 000, 1–24 (2019)
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Table 2. Parameters used for the source extraction with SEx-
tractor. In some galaxies two runs of the code were needed. The
parameter listed in the table are DM:DETECT MINAREA
(minimum number of pixels above threshold trigger-
ing detection), DT:DETECT THRESH (threshold S/N),
Deb:DEBLEND MINCONT (Minimum contrast parameter
for deblending), Ba:BACK SIZE (size in pixels of a background
mesh). Dashes mean that the second run was not necessary.
Gal. Run 1 Run 2
DM DT Deb Ba DM DT Deb Ba
L01 5 3 0.005 5 − − − −
L02 5 3 0.005 5 − − − −
L03 5 4 0.001 5 5 4 0.001 20
L04 5 4 0.001 5 5 4 0.001 20
L05 5 4 0.001 5 5 4 0.001 10
L06 5 2.5 0.001 20 5 2.5 0.001 500
L07 5 4 0.0001 5 − − − −
L08 5 4 0.0001 5 − − − −
L09 5 4 0.001 5 − − − −
L10 5 4 0.001 5 5 4 0.001 20
L11 5 4 0.001 5 5 4 0.001 20
L12 5 3 0.001 5 − − − −
L13 5 3 0.001 5 5 3 0.001 10
L14 5 3 0.005 5 − − − −
the branch of a composite object should have in order to be
considered as a separate object) and minimum number of
pixels above the threshold (DM), which was kept fixed at 5
for all the runs. The choice of doing a second run was based
on a visual inspection of the extracted sources. Details of the
configuration files used in the extraction are given in Tab. 2.
To give an example of how the extraction is sensitive to the
these parameters, in LARS01 changing the signal-to-noise
requested for a detection from DT = 3 to DT = 4 reduces by
almost half the number of extracted sources. Changing the
background size has a smaller effect, as, on the same galaxy,
doubling background size reduces by ∼ 20% the number of
extracted sources, while the deblending parameter has even
a smaller effect, affecting only less than 5% of the sources.
The extracted catalogue was visually inspected to remove
clear interlopers such as bright pixels at the border of the
chip and clumps belonging to nearby galaxies in the HST
frame (in LARS09 and LARS113).
On each of the extracted sources we performed a pho-
tometric analysis on filters F140LP, F150LP and on U, B
and I bands (in LARS 13 and 14 the filter F140LP is used
for observing the Lyα emission and is therefore neglected in
the clump photometric analysis). We report here the main
steps of the photometric analysis (see Appendix A for fur-
ther details and the description of a series of tests on com-
pleteness and uncertainties). Each source was analysed in
a 7 × 7 pixel cut-out, large enough to contain most of its
flux but avoiding too strong contamination from neighbour-
ing sources. Smaller boxes were tested, but contain too little
signal to account for all the free parameters considered in the
modelling. The clumps were modelled with a circular EFF-
Moffat profile (Elson et al. 1987) of index 1.5 (kept fixed for
3 LARS09 and LARS11 have companion galaxies, mainly falling
outside the field of view of the SBC.
all sources) and effective radius Reff . The Moffat profile was
shown to be the best fit to the light profile of young massive
clusters (Elson et al. 1987; Bastian et al. 2013) because of
its property of having broad emission wings. Ellipticity was
not taken into account as many clumps in LARS galaxies
are already well-fitted by circularly symmetric profiles, and
it would require two additional free parameters. The Moffat
profile was convolved with the instrumental PSF (K) to cre-
ate a model of the observable source. We point out once more
that the PSFs of different filters were matched and therefore
K is the same for all filters. In order to account for the pres-
ence of diffuse background emission (possibly coming from
the diffuse stellar population, neighbouring sources or nebu-
lar emission), we added a 1st degree polynomial background
(described by the parameters c0, cx and cy). The observable
model (M) is therefore parametrized as:
M(x, y |x0, y0, F, rc, c0, cx, cy) =[
K ∗
(
F/F0 ·
(
1 + (r/rc)2
)−1.5)]
+ c0 + cx x + cy y (1)
where rc, called core radius is related to the effective radius
Reff by Reff =
√
3rc4, and the radial distance r is defined as
r =
√
(x − x0)2 + (y − y0)2, where x, y are the pixel coordinates
and x0, y0 are the source centre coordinates inside the box.
F and rc parametrize the flux and the size of the source,
respectively (the Moffat profile is normalized via the factor
F0).
We assume each clump to have the same size in all the
bands and we fit the model to the cut-out image (over 7x7
pixels) in the 5 bands simultaneously (4 bands for LARS
13 and 14), keeping the same core radius rc (and same cen-
tre coordinates x0, y0) but allowing the other parameters to
vary from filter to filter. The best-fit values for the parame-
ters were found by minimizing the residuals of the difference
between the observable models and the data. We built a
probability function based on the sum of the weighted resid-
uals
ln P = −0.5 ∑
f ,i
[ (
Mf ,i − D f ,i
)2 · w f ,i ] (2)
where D f ,i are the data, w f ,i = 1/σ2f ,i the weights and
the sum is done for all pixels i in the five bands f . The
probability function is used to run a Markov chain Monte
Carlo (MCMC) sampling. We used the Python package
emcee (Foreman-Mackey et al. 2013), which implements the
MCMC sampler from Goodman & Weare (2010), and run
50 walkers, each producing 320-step chains but discarding
the first 20 steps from each, for a total of 15000 sampling
values for each source. We consider the median value of the
distribution of each parameter as its best-fit value. Uncer-
tainties on each parameter were found to be symmetric and
we consider half the difference between the 15.8 and 84.2
percentiles of each parameter distribution as its uncertainty.
Each walker is an independent series and its starting value
was chosen drawing it from a normal distribution centred on
the maximum-likelihood value, calculated via a least-square
fit using the Python package lmfit, and with a standard devi-
ation equal to 20% of the maximum-likelihood value. Data,
4 The effective radius (Reff), or half-light radius, is the radius
enclosing half of the source’s flux.
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Figure 2. Visual example of the photometric fit of a source (in
LARS01): observations in the 5 bands (1st col), best models (2nd
col) and residuals (3rd col). The 4th column shows the fluxes of the
observation (blue), model (orange) and background only (green)
for each pixel of the highlighted horizontal slice. Fluxes for obser-
vation and model are plotted with the same colour scale, while
the residuals fluxes were rescaled of a factor 10.
best fit models and residuals for an example clump are pre-
sented in Fig. 2 .
Due to the limited size of the box used for photometry
and to the resolution of our data, we were not able to derive
the size of some of the sources, and in particular:
(i) Our fitting routine is not sensitive to rc values smaller
than 0.3 pixels (see Appendix A2). Sources whose recovered
rc is smaller than this value are assumed to have rc = 0.3 as
an upper limit.
(ii) For sources with rc larger than 3.5 pixels, the core re-
gion of the clump is not entirely enclosed in the fitting box.
We could not trust the fit of those sources, which therefore
were removed from the catalogue. This cut only affects 117
sources out of 1698 (6.9% of the total) and, by visual in-
spection, these sources turn out to be mainly artefacts of
the diffuse emission.
We convert the best-fit fluxes (Ffit) in each filter into AB
magnitudes (mAB) and the flux uncertainties Ferr into magni-
tude uncertainties (merr) via merr = 1.0857×Ferr/Ffit. Finally,
not all the sources were detected in all bands. We discarded
from the sample all the sources with observed magnitude
mAB > 30 mag in more than 1 band. This cut reduces the
total clump catalogue to 1425 sources, which can have mag-
nitude uncertainties up to merr ∼ 0.6 mag in some filters. In
the analyses of the following sections we also select a sub-
sample of sources which are well-detected in all bands. We
consider in this high-fidelity (HF) sample only clumps with
merr < 0.3 mag in all 5 bands (4 bands for LARS 13 and
14). The HF sample includes a total of 608 clumps. This
further constraint implies that clumps in the HF catalogue
have magnitudes . 26 mag.
3.1 Using ESO 338-IG04 as test bench for
different resolutions
In order to assess how loss in spatial resolution within our
galaxy redshift range affects our analyses, we consider a
nearby galaxy observed with a set of filters similar to the
LARS sample and degrade its resolution to simulate its ob-
servation at the redshifts of the LARS galaxies. We use
the nearby starburst dwarf ESO 338-IG04 (also known as
Tololo 1924-416, and hereafter shortened to ESO 338), which
hosts a population of young star clusters, with masses up to
107 M (O¨stlin et al. 1998, 2003; Adamo et al. 2011). ESO
338 is at a measured distance of 37.5 Mpc (O¨stlin et al.
1998) and was observed with HST in filters F218W, F336W,
F439W and F814W of the Wide Field and Planetary Camera
2 (O¨stlin et al. 1998) and with the ACS camera (O¨stlin et al.
2009) in filters F122M and F140LP of the SBC (program GO
9470, PI: D.Kunth) and in filters F550M and FR565N of the
WFC camera (program GO 10575, PI: G.O¨stlin). As for the
LARS galaxies, all the frames of ESO 338 were reduced,
aligned and convolved to have the same hybrid PSF in all
filters. The pixel scale for all the frames is 0.04′′, which at
the distance of ESO 338 corresponds to 7.3 pc.
We simulate ESO 338 observations at the distance of
LARS01 and LARS14 (the closest and the most distant
galaxies of our sample, respectively). LARS01 is at a dis-
tance of 119.7 Mpc and has a PSF with full width at half
maximum FWHM = 2.6 px, or FWHM ≈ 60 pc. On the other
hand the PSF of LARS14 has a FWHM ≈ 400 pc (3.2 px).
In order to simulate ESO 338 at different redshifts we
convolve the images with the Gaussian kernel that produces
a PSF with a FWHM of the correct physical scale (60 and
400 pc). After the convolution, the data frames are also re-
binned in order to have a physical pixel scale corresponding
to the ones of LARS01 and LARS14. Flux conservation is
ensured throughout the steps. The original ESO 338 ob-
servation in the F140LP filter and the simulated frames at
LARS01 and LARS14 redshifts are shown in Fig. 3. For each
of the frames we have repeated the clump extraction and
analysis, with the following results:
• We extracted 157 sources (cluster candidates) in
ESO 338, 2 of which have rc > 3.5 px and are therefore
excluded from the sample. Of the remainder, 139 were de-
tected with magnitudes brighter than 30 mag in more than
3 filters and constitute the final catalogue of the galaxy. We
consider this the reference sample for our study as it has a
sufficient resolution to contain genuine single clusters.
• Out of these, 57 sources were detected with a mag-
nitude uncertainty lower than 0.3 mag in at least 4 filters
and are therefore considered part of the high-fidelity (HF)
sub-sample. Differently from the LARS galaxies, the require-
ments for clumps to be part of the HF sub-sample are ap-
plied to at least 4 filters (instead of requiring 5 filters) be-
cause in ESO 338 the F218W data are underexposed, leading
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ESO 338
1 kpc
ESO 338 (L01) ESO 338 (L14)
Figure 3. ESO 338 observed in the F140LP filter (left panel) and its simulation at the redshift of LARS01 (central panel) and of LARS14
(right panel). North is up and east to the left. Black bars in the lower right corner show a physical size of 1 kpc.
Table 3. Results of the clump analysis of ESO 338 at different
redshifts. The values reported in the rows are (in order): distance
of the galaxy; range of effective radii detectable and median Reffof
the sample; median luminosity (in F140LP filter); median clump
SFR surface density; clumpiness parametrisations (Ftot, FHF and
F3B are described in the text in Section 4.4). UV luminosities
are in units of (1041 erg/s) while SFR surface densities, ΣSFR, in
units of (M/yr/kcp2). Values within parentheses refer to the HF
sub-sample.
ESO 338 ESO 338 (L01) ESO 338 (L14)
D (Mpc) 37.5 119.1 645.9
Reff,range (pc) 3.8 − 44.1 9.4 − 110.2 68.0 − 793.5
Reff,med (pc) 8.9 (9.0) 21.3 (31.2) 115.7 (115.7)
LUV,med 0.2 (0.7) 0.6 (2.8) 31.1 (31.1)
ΣSFR,med 3.4 (7.1) 1.3 (2.3) 3.5 (3.5)
Ftot 0.429 0.568 0.266
FHF 0.371 0.460 0.266
F3B 0.017 0.044 0.048
to larger uncertainties and non-detections (see O¨stlin et al.
1998).
• In the simulated ESO 338 at the distance of LARS01,
which we will refer to as ESO 388 (L01) hereafter, we ex-
tracted 82 sources, 4 of which with rc > 3.5 px. Using the
same criteria as described above, 69 sources are part of the
final catalogue and 26 are part of the HF sub-sample.
• In ESO 338 simulated at the LARS14 distance, i.e.
ESO 388 (L14), we extract only 6 clumps, all with rc < 3.5
px. 4 of them make the final catalogue and all 4 meet the
requirements for being part of the HF sample.
The physical resolution greatly affects the analysis of star-
forming clumps in the galaxy. At larger distances, associa-
tions counting tens of clusters and clumps can only be stud-
ied as single sources.
In the following sections we will characterize more in
detail this bias, using the sizes and luminosities of the clumps
extracted from the different realisations of ESO 388 datasets.
All the retrieved properties of ESO 338 clumps used in the
following sections are summarized in Tab. 3
4 RESULTS
4.1 Sizes
The recovered size distributions of clumps for all LARS
galaxies and for the ESO 338 reference sample are plotted
in Fig. 4. Due to our limitations in recovering radii smaller
than 0.3 pixels described in the previous section, we have a
number of unresolved sources in our sample, which in the
figure have been assigned the Reff corresponding to rc = 0.3
px. There are 166 unresolved sources in the total sample and
37 in the HF sample. In the closest galaxies the limiting Reff
is of the order of 10 pc. The majority of the sources, how-
ever, are resolved and span a range that extends up to ∼ 600
pc. The median Reff value for the total sample is 58 pc, with
1st and 3rd quartiles at 33 pc and 108 pc (median of 71 pc
for the HF, with quartiles at 39 pc and 122 pc). The ranges
of Reff (in pc-scale) corresponding to the rc range set by the
limits at 0.3 px and 3.5 px are listed in Tab. 4 along with
the median values of the distributions in each galaxy. The
decrease in the number of clumps at larger sizes, observed
in most of the galaxies, is, in part, an effect of the lower
completeness for those systems, due to their lower surface
brightness for a given luminosity (the completeness of the
sample is described in Appendix A6).
The main trend retrieved in the size distributions across
the LARS galaxies is the increase in the median clump size
with redshift, caused by the decrease in physical resolution.
This effect is clear in the analysis of clumps in ESO 338,
whose sizes are plotted in the last row of Fig. 4. As summa-
rized in Tab. 3, in the original reference sample of ESO 338
we probe sizes in the range Reff = 3.8 − 44.1 pc and we are
therefore able to resolve most of the (single) star clusters.
This ability is partially lost in ESO 338 (L01), where only
the larger clusters (minimum Reff = 9.8 pc) are probed. In
ESO 338 (L14) we only detect a few systems, with minimum
detectable effective radius Reff = 68.0 pc, which is larger than
the maximum Reff at the original redshift.
In nearby galaxies star cluster sizes have been stud-
ied in detail. Their typical size ranges between 1 − 10 pc
(e.g. Lada & Lada 2003; Ryon et al. 2015, 2017) even if
the most massive ones (& 106 M), usually called super
star clusters, can extend up to ∼ 20 pc (e.g. Meurer et al.
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Table 4. Number of clumps, range of Reff values observable and
median clump Reff for the LARS galaxies. Values between paren-
theses refer to the HF sub-sample. The Reff range was calculated
by converting the 0.2 and 3.5 px rc limits (see text) into Reff values
in pc units.
Gal. Nclumps Reff range Reff med.
(pc) (pc)
L01 130 (78) 12.1 − 140.7 42 (48)
L02 73 (30) 12.8 − 149.8 46 (50)
L03 138 (33) 13.2 − 154.1 49 (57)
L04 163 (87) 14.0 − 163.0 33 (40)
L05 43 (36) 14.5 − 169.0 41 (48)
L06 65 (10) 14.6 − 170.5 66 (54)
L07 43 (21) 16.1 − 188.0 65 (76)
L08 305 (98) 16.3 − 189.7 53 (78)
L09 222 (107) 19.9 − 232.0 69 (90)
L10 43 (17) 23.9 − 278.5 106 (111)
L11 108 (56) 34.0 − 396.4 187 (205)
L12 26 (16) 40.3 − 470.3 102 (116)
L13 59 (13) 55.0 − 642.2 206 (158)
L14 7 (6) 65.3 − 761.6 164 (232)
TOT 1425 (608) 12.1 − 761.6 58 (70)
1995; Bastian et al. 2013). We deduce that the unresolved
sources that we are observing in the closest LARS galaxies,
with Reff ∼ 10 pc, may be dominated by single star clus-
ters, while the majority of the sources detected, in the size
range rc = 20 − 600 pc are associations of clusters, usually
called star cluster complexes (e.g. Bastian et al. 2005). The
test done on the reference sample of ESO 338 reveals that
many of these larger (rc & 20 ) clumpy star-forming regions
contain multiple single clusters. Therefore, the difference in
the scales studied across the LARS galaxies implies a physi-
cal difference. The compact (rc ∼ 10 pc) sources observed in
the closest LARS galaxies are possibly gravitationally bound
clusters, able to survive and evolve within the host galaxy.
On the other hand, many larger sources are possibly grav-
itationally unbound structures which will dissolve rapidly.
Lacking dynamical information of the clumps we are unable
to quantify this difference.
4.2 Luminosity functions
We study the clump magnitude distribution via the luminos-
ity function. The luminosity function, defined as the number
of sources per luminosity interval, dn/dL, has been exten-
sively explored in the studies of young star clusters and HII
regions in nearby galaxies. It is parametrized by a power-
law, dn/dL ∝ Lα, whose slope α was observed to vary from
galaxy to galaxy, spanning the entire range from α = −1.8
to α = −2.8 (see Larsen 2006, and references therein). Some
studies suggest that the slope of the function could be cor-
related with properties of the host galaxy (Whitmore et al.
2014) or with different environments within single galaxies
(Messa et al. 2018a,b). In some galaxies the power-law slope
was observed get steeper at brighter magnitudes (Whitmore
et al. 1999; Gieles 2010), which is why the luminosity func-
tion is sometimes described by a Schechter function, with a
exponential cut-off at bright magnitudes (Haas et al. 2008).
With few assumptions, the shape of the luminosity function
can be used as a proxy for the mass distribution and this
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Figure 4. Distribution of effective radii for all the LARS galaxies.
Shaded bars represent the total sample, while full colours are used
for the HF sub-samples. Dotted vertical lines shows the minimum
and maximum Reff detectable in each galaxy. The last line show
the distribution of Reff for the ESO 388 reference sample and
its simulations at the redshifts of LARS01 and LARS14: in this
case the contoured histogram refers to the total sample and the
hatched shaded histogram refers to the HF sub-sample.
makes it a powerful tool in studying clusters. Even if the
age-dependent light-to-mass ratio of clusters causes the lu-
minosity function to not necessarily have the same shape as
the mass function, if the cluster is a continuous power law
with the same index at all ages the luminosity function will
be a power law with the exact same index (Gieles 2009).
MNRAS 000, 1–24 (2019)
Photometry of star-forming clumps in LARS galaxies 11
At larger physical scales, Cook et al. (2016) studied tens
of thousands FUV star-forming regions in 258 nearby (D ≤
11 Mpc) galaxies observed with GALEX. Those regions span
physical scales between ∼ 20 and ∼ 500 pc, similar to our
sample. For every galaxy a clump luminosity function was
derived and the resulting power-law slopes (α) span a wide
range of values, −2.8 < α < −1.0, with a median value α =
−1.83. The slopes were studied in function of several galaxy
properties but weak correlations were found only with SFR
and SFR density (ΣSFR).
A possible evolution of the clumps luminosity function
with redshift was explored in Livermore et al. (2012, 2015),
studying HII regions (observed in the Hα line) of physical
scales ∼ 100 − 1000 pc in the redshift range z = 0 − 5. The
authors assumed for the luminosity function a fixed slope of
−1.75, taken from the mass function slope of giant molec-
ular clouds in Hopkins et al. (2012) simulations, and de-
rived a characteristic truncation luminosity which evolves
with redshift, going from L0(Hα)∼ 1041 erg/s at z = 0 to
L0(Hα)∼ 1043 erg/s for z > 3 clumps.
In the study of the LARS sample we are limited by
the small number of sources per galaxy. We therefore build
a global luminosity function including all clumps together.
With the goal of focusing on the young (i.e. bluer) clumps
and of comparing them to studies of star-forming clumps in
literature, we chose to study their luminosity in the 1500
A˚ UV rest-frame (in detail, using the F140LP filter in all
galaxies except LARS 13 and 14, where we used the filter
F150LP due to their higher redshift). Critical for the anal-
ysis of the luminosity function is the choice of the lower
luminosity limit considered, which in turn relies on a good
understanding of the magnitude completeness limits. As de-
scribed in Appendix A6, LARS galaxies have different com-
pleteness levels in the UV . We chose the value at which com-
pleteness goes below 90% as the lower magnitude limit for
each galaxy. This limit is then converted into a luminosity
and the most conservative value among all galaxies is used as
the lower luminosity value for the global function. The value
chosen is Llim = 10.08× 1041 erg/s which is the completeness
limit of LARS11.The lower limits of the LARS galaxies are
listed in Tab. 5. The global luminosity function is plotted
in Fig. 5(a). We did not include the clumps of LARS13 and
LARS 14 from this analysis because the number of clusters
hosted in these galaxies is small and the completeness limit
is high. In total, there are 74 clumps above the complete-
ness limit chosen. We assume a power-law shape for the
luminosity function, dn/dL ∝ Lα, and therefore define the
normalized probability of finding a source of luminosity Li
as
p(Li |α, Llim) ≡
Lα
i
Θ(Llim)∫∞
Llim
Lα dL
(3)
Using Bayes’ theorem we know that the posterior distribu-
tion function for the slope α is
p(α |{Li}, Llim) ∝
∏
i
p(Li |α, Llim), (4)
where {Li} is the observed luminosity distribution of
Fig. 5(a). We sample the posterior distribution of α using
the emcee package (see Section. 3). The median value of
the distribution is α = −2.03 +0.11−0.13. The uncertainties stated
are retrieved from the 84th and 16th percentiles of the dis-
Table 5. 90% completeness limits in UV magnitudes (from
Tab. A2) converted into luminosity limits (for the LARS galaxies
used in the analysis of the luminosity function). We report also
the number of sources above the luminosity completeness limits
set by LARS07 and LARS11 (limL07 and limL11 respectively).
L01 L02 L03 L04 L05 L06
maglim (mag) 22.0 23.0 24.0 24.0 23.0 24.0
Lumlim (1041 erg/s) 2.44 1.11 0.49 0.54 1.38 0.59
N ≥ limL07 17 6 5 5 15 3
N ≥ limL11 7 3 1 2 8 1
L07 L08 L09 L10 L11 L12
maglim (mag) 22.0 24.0 23.0 24.0 23.0 24.0
Lumlim (1041 erg/s) 4.34 0.82 3.15 1.64 10.08 5.76
N ≥ limL07 12 15 24 7 48 14
N ≥ limL11 5 3 11 5 19 9
tribution. The slope is within the range of values found in
the sample of Cook et al. (2016) and in the studies of star
clusters and HII regions in the local universe. The global lu-
minosity function studied includes clumps that span a wide
range in sizes, from Reff < 10 to Reff ∼600 pc, and there-
fore a wide range of different objects, from clusters to ex-
tended star-forming regions. In order to restrict the study of
the luminosity function to smaller clumps we re-perform the
analysis keeping only the galaxies from LARS01 to LARS09.
In this way the largest clumps included have Reff ∼ 200 pc.
We also notice that these galaxies are the ones hosting the
most numerous clump populations. The luminosity function
is shown in Fig. 5(b). Note that the lower luminosity limit
was re-adapted to the selection, becoming Llim = 4.34 × 1041
erg/s. There are 102 clumps above this completeness limit.
The best-fit value for the slope in this case is α = −2.18 +0.11−0.12,
which is consistent within uncertainties with the previous re-
sult.
In order to account for the low number statistics and to
understand how the scatter of points may be affecting the
results of the fit, we take into consideration two additional
methods for estimating the uncertainties:
“Jackknife” method: we remove one of the clumps from the
sample and re-fit the luminosity function obtaining a new
value for the slope. This is repeated for all the sources and
we consider the median and the standard deviation of the
resulting distribution of slopes as indicative of the best value
and uncertainties.
Monte Carlo sampling of uncertainties: We re-sample the
luminosity of each source from a normal distribution cen-
tered on its value and with a standard deviation given by
the magnitude uncertainty and we fit the new luminosity
function. We repeat this process 1000 times. We consider
the median and the standard deviation of the resulting dis-
tribution of slopes as indicative of the best value and uncer-
tainties.
In both the cases just mentioned it would be computation-
ally expensive to run the sampling of the posterior distri-
bution, as done previously. We decide therefore to fit the
function with a least-squares method. The fitted function in
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Figure 5. The cumulative luminosity function of the clumps in the galaxies from LARS 1 to 12 (panel a) and from LARS 1 to 9 (panel b).
In both cases the lower luminosity limit (black vertical line) was derived using the most conservative value of all the galaxies considered
(see text). The number of clumps in the function and the best-fit slope for a power-law are also reported. The solid and dashed lines are
the best fit slope and the ±1σ slopes, respectively.
this case is the cumulative one, i.e.:
ycumul. ≡
N(> L)
Ntot
∝ Lα+1 (5)
The results of these two additional methods are reported in
Tab.6. In both cases the uncertainties recovered are smaller
than the ones found with the sampling of the posterior dis-
tribution.
The effect of resolution on luminosities was tested with
the ESO 338 sample. As expected, at decreasing resolutions
single clusters are merged together and the distribution of
derived luminosities is shifted to brighter values (Fig. 6).
We derive observed-magnitude completeness limits in UV
for ESO 338 and ESO 338 (L01) in a similar way to what
done for the LARS galaxies (see Appendix A6), retrieving
mlim = 20.5 in both cases. This magnitude limit corresponds
to limits in luminosity of Llim = 1.3 · 1041 erg/s for ESO 338
and of Llim = 1.4 · 1042 erg/s for ESO 338 (L01). We study
the luminosity function above the luminosity limit finding a
slope α = −2.27+0.27−0.32 for ESO 338. We point out that there
are only 18 clumps above the limit. In the case of ESO 338
(L01) only two clumps have luminosities above the complete-
ness limit, implying that most of the sample is affected by
incompleteness. We fit the luminosity function of ESO 338
(L01) down to Llim = 1.3 · 1041 erg/s, where we observe the
peak of the luminosity distribution in Fig. 6, finding a slope
of α = −1.92+0.16−0.19. The flattening of the slope, compared to
the result at the reference redshift, is therefore caused by
incompleteness. A similar flattening in function of decreas-
ing resolution was found in the analysis of the clump mass
function in high-redshift galaxies in Dessauges-Zavadsky &
Adamo (2018).
As done by Cook et al. (2016), we investigate pos-
sible correlations between the luminosity function power-
law slope and the SFR surface density of the host galaxy.
We again focus on the low-redshift galaxies of the sample
(LARS 01 to 09) dividing them into two groups. We use
the value of 0.22 M/yr/kpc2 as the boundary for separating
the two sub-groups because it results in groups of almost
equal numbers of clumps (above the completeness value of
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Figure 6. Luminosity distribution of the clumps in ESO 338
(black contour), ESO338 (L01) (blue hatched) and ESO (L14)
(red hatched). The plot shows that degrading the resolution
causes the distribution to move to higher luminosities.
Llim = 4.34×1041 erg/s), 44 for the high-ΣSFR sample includ-
ing LARS01, LARS05 and LARS07, 58 for the low-ΣSFR
sample including the rest of the galaxies. We point out that
the two groups contain galaxies at various redshifts. The two
luminosity functions are plotted in Fig.7, together with the
best-fit slope values, α1 = −2.01+0.15−0.16 and α2 = −2.37+0.17−0.18. We
recover slopes that differ by ∼ 2σ, and in particular a shal-
lower slope for the high-ΣSFR sample, consistent with what
was found by Cook et al. (2016). This result can be inter-
preted as follows: galaxies with higher ΣSFR (and therefore
higher gas surface density, assuming the Kennicutt (1998)
relation between ΣSFR and Σgas) form on average more lu-
minous (and therefore more massive) clumps. An impor-
tant caveat should be considered: all the LARS galaxies are
on average highly star-forming galaxies, with large values
of ΣSFR. The range of SFR densities that we are probing
MNRAS 000, 1–24 (2019)
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Figure 7. Luminosity functions of LARS01 to LARS09 divided in
two sub-samples with ΣSFR > 0.22 M/yr/kpc2 (green) and ΣSFR <
0.22 M/yr/kpc2 (orange). The slopes of the two functions differ
by ∼ 2σ.
is therefore limited, and the comparison to galaxies with
lower SFR densities (e.g. the galaxies of the eLARS sam-
ple, Melinder et al. (in prep)) could increase the significance
of this result. We test the dependence of the slope of the
clump luminosity function on other galactic-scale proper-
ties, namely on vs/σ0 and on the galaxy stellar mass, M∗.
In the first case, we divide the galaxies in two samples using
vs/σ0 = 1, commonly used to separate rotation-dominated
galaxies from dispersion-dominated ones. In the second case
we use M∗ = 2 × 1010 M to separate the galaxies in two
groups, since this value allow to have a similar number of
clumps in the groups. We notice that, in our sample, most
of the galaxies with high ΣSFR also have low vs/σ0 and small
stellar masses. As a consequence, we find that the slope of
the clump luminosity function is shallower for low-mass and
dispersion dominated galaxies (see Tab. 6).
Assuming that a shallower slope indicates the presence
of more massive clumps on average, we can try to put these
result in the context of clump formation. As described by
Dekel et al. (2009), the standard Toomre theory predicts
that the typical clump mass scales with the disk mass of
the host galaxy. In the case of LARS galaxies we find the
opposite relation: the reason for this discrepancy can be at-
tributed to the fact that the systems we are studying are
highly perturbed, with a kinematics that is far from regular
disks. We observe that in this case the formation of clumps
may be regulated instead by the ΣSFR and vs/σ0 parameters.
As a last remark, we find that the luminosity function in
the LARS galaxies is described by a simple power-law with-
out the need of a truncation at high luminosities. The rea-
son is likely the low number of clumps available: in order to
sample the truncation a large statistical sample above com-
pleteness is necessary, usually of several hundreds of sources
(e.g. Adamo et al. 2017), which we are lacking.
4.3 Clumps SFR vs size relation
We convert clumps’ FUV luminosities to SFR values using
the relation in Kennicutt & Evans (2012), assuming no in-
trinsic extinction. In a forthcoming paper, where we analyse
Table 6. Results of the fit of the clump luminosity function. The
values in the columns are: (1) name of the sub-sample considered;
(2) ID of the LARS galaxies included in the sub-sample; (3)-(6)
luminosity function slope fitted with different methods described
in the text: (3) via a MCMC sampling of the probability distri-
bution, (4) least-squares fit of the cumulative function using a
Jackknife method to retrieve the uncertainties, (5) least-squares
fit of the cumulative function re-sampling the data via Monte
Carlo methods.
Sample Included α αJackknife αMonteCarlo
(1) (2) (3) (4) (5)
Tot01−12 1-12 −2.03+0.11−0.13 −1.94+0.02−0.01 −1.95+0.04−0.04
Tot01−09 1-9 −2.18+0.11−0.12 −2.11+0.02−0.01 −2.12+0.04−0.04
low ΣSFR 2,3,4,6,8,9 −2.37+0.17−0.18 −2.20+0.02−0.02 −2.30+0.06−0.05
high ΣSFR 1,5,7 −2.01+0.15−0.16 −1.91+0.04−0.02 −1.87+0.04−0.04
low vs/σ0 2,5,7 −1.94+0.15−0.18 −1.80+0.04−0.03 −1.77+0.04−0.03
high vs/σ0 1,3,4,6,8,9 −2.36+0.15−0.17 −2.24+0.02−0.02 −2.32+0.06−0.06
low M∗ 1,2,5,6,7 −2.05+0.13−0.15 −1.94+0.03−0.02 −1.91+0.04−0.03
high M∗ 3,4,8,9 −2.40+0.19−0.21 −2.25+0.03−0.02 −2.37+0.07−0.06
the spectral energy distribution of clumps (Messa et al., in
prep), we show that the majority of clumps have derived
values of extinction EB−V < 0.1 mag. In Appendix B1 we
show the effect of considering the extinction values derived
in (Messa et al., in prep) on the clumps’ SFR values.
We show the SFR-size plot for our sample in Fig 8(a).
We consider both the total sample and the HF sub-sample,
and we notice that the clumps in the latter, at any radius,
have on average higher values of SFR. As a consequence, the
median ΣSFR = SFR/(piR2eff) of the HF sub-sample is higher
than for the total sample, as shown in Fig. 8(a). This sug-
gests, as expected, that the selection of the clumps with low
photometric uncertainties implies a bias towards the clumps
with higher SFR densities.
We analyse the effect of different redshifts using the
clumps in ESO 338, in Fig. 8(b). At increasing simulated
redshifts, the sources move towards the top-right corner of
the plot, i.e. towards larger sizes and higher SFRs. In do-
ing so, they may change their ΣSFR: the sources in ESO 338
(L01) have a lower median SFR density than their counter-
parts at reference redshift. Only two sources on ESO 338
(L14) are not upper limits in Reff and they have SFR den-
sities compatible with the median of sources at the original
redshift. We notice however that, by degrading the resolu-
tion, and therefore studying larger structures, we lose the
possibility of characterizing the highest densities. We con-
clude that the bright single clusters, when studied at larger
scales will tend to blend with surrounding sources and have
lower observed SFR densities: this result should be kept in
mind when comparing clump studies at different redshifts
and resolutions. This is consistent with the results of Fisher
et al. (2017a), who found that degrading the resolution and
sensitivity of local clumps to match the resolutions reached
in z = 2 lensed galaxies has the effect of moving the observed
sample to lower ΣSFR values. Part of this difference is caused
by the apparent blending of many clumps into a single one,
which causes the resulting clump to be brighter and larger in
size, thus resulting in smaller ΣSFR (see Fisher et al. 2017a).
A similar conclusion was also reached in Tamburello et al.
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(2017) by degrading the resolution of Hα clumps from hy-
drodynamical simulations of clumpy disk galaxies.
We compare LARS clumps to other samples in liter-
ature, taking care to compare clumps of similar physical
scales. The SINGS sample (Kennicutt et al. 2003) contains
local star forming galaxies (at distances d < 30 Mpc), with
HII regions resolved down to ∼ 30 pc size. In Fig. 8c we plot
their sizes and luminosities as derived in Wisnioski et al.
(2012). In this comparison, it should be noted that SFRs
for clumps in SINGS were derived using Hα observations
(via the Kennicutt & Evans 2012 relation), which are as-
sociated with slightly different time-scales (Hα probes on
average younger emission than UV bands) and sizes (Hα
emission is associated to HII regions, while UV radiation
comes directly from the stellar objects). As for our sample,
the SFRs of clumps in the SINGS sample were derived with-
out accounting for intrinsic extinction. We notice that the
SINGS sample has on average lower SFRs than LARS HF
sample, despite the similar distribution in sizes. This dif-
ference points towards a real physical difference in density
between the clumps in LARS and SINGS.
Recently, observations have been reported of lensed
high-redshift galaxies where extremely compact star-forming
regions have been detected, at scales down to ∼ 10 pc
(Bouwens et al. 2017; Vanzella et al. 2017a,b, 2019). We take
the absolute UV magnitudes of those samples and convert
them into SFR values as done for LARS. Those high-redshift
clumps have on average higher values of ΣSFRthan clumps in
the LARS sample (see Fig.8c); however there is some over-
lap between the samples, indicating that what was observed
at high-redshift can be, as proposed, single star-forming re-
gions or proto-globular clusters, which in some cases are so
bright as to outshine the host galaxy. The general difference
between the SFR values of clumps in LARS and in those
sample is not surprising: as mentioned in Section 2.5, the
selection of high-redshift galaxies in Bouwens et al. (2017);
Vanzella et al. (2017a,b, 2019) is biased towards systems
with extreme surface brightnesses (small radii and high in-
trinsic luminosities) that may not be representative of the
clump population at z>3.
Livermore et al. (2015) studied the redshift evolution of
ΣSFR using samples of Hα clumps at redshifts from z = 0 to
z ∼ 5 with sizes R & 100 pc, suggesting that the mean surface
brightness of star forming clumps evolve with redshift as:
log
( Σclump
M/yr/kpc2
)
= (3.5 ± 0.5) log(1 + z) − (1.7 ± 0.2) (6)
We plot in Fig 8(d) the sizes and SFRs of the clumps stud-
ied in Livermore et al. (2015), together with their derived
average ΣSFR values at redshifts z = 0, 1 and 3, and com-
pare them to the clumps with Reff > 100 pc in the HF sub-
sample of LARS. In this case, since the SFRs of clumps in
the comparison samples were derived taking into account ex-
ternal extinction, we also use for LARS extinction-corrected
SFRs, as derived in Appendix B1. Our sample covers a wide
range in SFR densities, extending to much higher values
than the predicted average for local galaxies. Most of the
LARS clumps are found in the ΣSFR range between z = 1
and z = 3 according to the Livermore et al. (2015) predic-
tion. Some clumps have even higher SFR surface densities,
reaching the values found for z > 3 and partially overlap-
ping with local (z ∼ 0.1) clumps in the DYNAMO sample of
high-redshift galaxies analogues (Fisher et al. 2017a).
We try to understand the origin of this large scatter in
clump SFR surface densities. Studying a compilation of Hα
clumps from literature, Cosens et al. (2018) showed that high
and low-ΣSFR clumps follow different correlations in the
Reff−SFR space, possibly suggesting different origins (Stro¨m-
gren spheres or star forming regions driven by Toomre insta-
bility). We divide our clumps sample in a high-SFR surface
density (ΣSFR > 1 M/yr/kpc2) and a low-SFR surface den-
sity (ΣSFR ≤ 1 M/yr/kpc2) sub-samples, similarly to what
done in Cosens et al. (2018), and we fit a function of the
form LUV ∝ Rγeff. We do not find a difference in the derived
γ slopes in the two sub-samples, with γ = 1.67 ± 0.12 for
the high-ΣSFR sub-sample and γ = 1.66 ± 0.06 for the low-
ΣSFR sub-sample (see Appendix B2 for more details on the
fit). Both values are close to γ = 1.74 found for clumps with
ΣSFR > 1 M/yr/kpc2 in Cosens et al. (2018) and close to a
relation L ∝ r2 expected for star forming regions driven by
Toomre instability. On the other hand, we observe that the
SFR surface density of clumps do depend on the galactic-
scale properties of their host galaxies. We divide the galax-
ies in sub-samples using the same division of Section 4.2
(Tab. 6) and we calculate the median clump SFR surface
density in each sub-sample. We find that clumps have on
average higher SFR surface density in galaxies characterized
by high ΣSFR, low vs/σ0 and low M∗ (see Appendix B3 for
more details). Similarly to what found in the study if the lu-
minosity function, this result suggests that the galactic-scale
properties of the host galaxies affect the clump ΣSFR.
4.4 Clumpiness
Recent studies of the redshift evolution of star-forming re-
gions were motivated by the discovery that galaxies at high
redshift appear more clumpy than galaxies in the local uni-
verse in the rest-frame UV (e.g. Elmegreen et al. 2009). In
this section we study the clumpiness of the LARS galaxies
as a function of galactic-scale properties. We use two main
parametrisations for the clumpiness:
(i) Fraction of the galaxy UV light in clump. This method
simply express the clumpiness as the relative contribution of
clumps to the galaxy UV emission (e.g. Soto et al. 2017).
(ii) Fraction of the galaxy UV light in the brightest clump.
In studying the galaxies of the CANDELS/GOODS-S and
UDS fields in the redshift range z = 0.5−3, Guo et al. (2015)
showed that defining clumpy galaxies as those where the
brightest (off-centred) clump accounts for at least 8% of the
UV light (rest-frame wavelength in the range 2000 − 2800 A˚
in their sample) allows to distinguish the high-z star-forming
main-sequence galaxies from nearby spirals.
We measure the total rest-frame 1500 A˚ UV flux of the LARS
galaxies inside the regions defined in Section 2.4. In order to
estimate clumpiness following method (i), we consider the
clumps with Reff< 200 pc and sum up their UV flux. The
ratio between the clumps UV flux and the galactic UV flux
gives the first estimator of clumpiness, that we will call Ftot
for the rest of the paper. We calculate this ratio consider-
ing only clumps in the HF sub-sample (FHF). The size limit
at Reff= 200 was imposed to ensure that we are consider-
ing clumps at similar scales in all galaxies, as suggested by
MNRAS 000, 1–24 (2019)
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Figure 8. Size-SFR plots of the clumps in the LARS sample (a), ESO 338 at different resolutions (b) and comparison to other samples
of clumps in literature (c and d). In panel (a) the total sample is represented by orange markers and the HF sub-sample is in Black.
Median values of ΣSFR for the total and HF samples are shown as orange and black solid lines respectively. In panel (b) the clumps in the
reference sample of ESO 338 and in the convolved frames at L01 and L14 redshift are shown as black-contoured circles, blue diamonds
and red squares, respectively. The HF samples in this cases are plotted with solid colours, while the total samples have shaded colours.
The dotted lines represent the median ΣSFR values in the three cases. In panel (c) the HF sub-sample of LARS clumps is compared
to z = 0 clumps in SINGS galaxies (Kennicutt et al. 2003) as analysed in Wisnioski et al. (2012) (blue circles) and to the samples of
high-redshift galaxies from Bouwens et al. (2017) (z= 6 − 8, red squares) and Vanzella et al. (2017a,b, 2019) (z ∼ 3 as green circles and
z∼ 6 as green diamonds). In panel (d) the HF sample of LARS clumps with Reff above 100 pc is compared to samples of Hα clumps at
z ∼ 1.3 from Wisnioski et al. (2012) (cyan triangles), at z = 1 − 1.5 from Livermore et al. (2012) (orange triangles), at z = 1.5 − 4 from
Livermore et al. (2015) (including data from Jones et al. 2010, green triangles) and local galaxies at z ∼ 0.1 from Fisher et al. (2017a)
(purple squares). In panels c and d, the predicted ΣSFR values from Eq. 6 at redshifts 0,1 and 3 are plotted as solid, dashed and dotted
lines, respectively. In panels c and d the uncertainties on the values of the comparison catalogues are not reported for clarity of the plot.
Johnson et al. (2017). To parametrise clumpiness following
method (ii), we considered the UV flux of the 3rd bright-
est clump in each galaxy and divide it by the galactic UV
flux (F3B). We consider this measurements more solid than
considering the brightest clump within each galaxy, as the
latter may correspond with the nuclear region of the galaxy.
We present the clumpiness values of the LARS galaxies ac-
cording to these parametrisations in Tab. 7.
Clumpiness is shown as a function of redshift in Fig. 9.
The clumps account for more than 50% of the UV flux in half
of the LARS galaxies. In Fig. 9 we also added the clumpiness
of ESO 338 at the three different redshifts considered in
this study. The analysis of ESO 338, shows that clumpiness
changes by less than 20% going from z ≈ 0.01 to z = 0.028 and
even declines when simulating the galaxy at z = 0.18. Having
imposed the restriction of only including clusters with sizes
of Reff < 200 pc, we avoid the effect of clumpiness increasing
as a function of redshift: without this limitation, ESO 338
simulated at z = 0.18 would have a clumpiness value of FHF =
1 as can be seen in the left panel of Fig. 9. The same figure
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Figure 9. Clumpiness parametrised as the fraction of the galaxy UV light in clumps (FHF, left panel) and as the fraction of the galaxy
UV light in the 3rd brightest clump (F3B, right panel) in function of redshift. The “X” symbols are the values of clumpiness for ESO 338
at its real redshift (white), at the redshift of LARS01 (grey) and at the redshift of LARS14 (black). In the left panel we also added the
FHF value that ESO 338 (L14) would have if clumps of all sizes were considered (FHF = 1).
Table 7. Clumpiness of the LARS galaxies according to different
parametrisations, as described in the text.
Ftot FHF F3B
L01 0.68 ± 0.01 0.66 ± 0.01 0.063 ± 0.002
L02 0.66 ± 0.01 0.62 ± 0.01 0.066 ± 0.003
L03 0.40 ± 0.01 0.37 ± 0.01 0.033 ± 0.002
L04 0.31 ± 0.01 0.28 ± 0.01 0.017 ± 0.001
L05 0.65 ± 0.01 0.65 ± 0.01 0.061 ± 0.001
L06 0.57 ± 0.01 0.41 ± 0.01 0.059 ± 0.003
L07 0.81 ± 0.01 0.79 ± 0.01 0.102 ± 0.003
L08 0.44 ± 0.01 0.37 ± 0.01 0.017 ± 0.001
L09 0.44 ± 0.01 0.40 ± 0.01 0.018 ± 0.001
L10 0.47 ± 0.01 0.41 ± 0.01 0.056 ± 0.004
L11 0.13 ± 0.01 0.11 ± 0.01 0.021 ± 0.001
L12 0.73 ± 0.02 0.73 ± 0.02 0.134 ± 0.016
L13 0.56 ± 0.01 0.52 ± 0.01 0.053 ± 0.004
L14 1.00 ± 0.01 1.00 ± 0.01 0.038 ± 0.003
shows that the values of clumpiness in the LARS galaxies do
not show a steady increase with redshift, suggesting that the
resolution may be affecting the derived FHF only in the most
distant galaxies. The large scatter in the clumpiness values
for LARS galaxies in their narrow redshift dynamic range
confirms that the specific clumpiness of each galaxy is set
by its internal properties more than by its resolution. We test
the dependence of the clumpiness measurements on redshift
by running a Spearman’s rank correlation test. Correlation
coefficients and their associated probabilities (p-values) are
collected in the first column of Tab. 8. The coefficients are
below 0.2, with high p-values, indicating no correlation.
We notice that LARS galaxies have a higher clumpiness
that local galaxies. Larsen & Richtler (2000) measured the
fraction of U-band light contributed by young star clusters
to the total U-band luminosity of the galaxy in a sample
of local galaxies, finding that in spiral galaxies the median
fraction is 0.5%. Even accounting for the increase of ∼ 20%
observed in ESO338 when going from resolving clusters to
clumps, the clumpiness of local spirals is still one order of
magnitude below what we observe in the LARS galaxies.
We explore possible correlations of the clumpiness with
the galaxy SFR and gas dynamics properties derived in
Section 2.4. Specific SFR (sSFR) and SFR surface density
(ΣSFR) are derived dividing the UV-derived SFR by the stel-
lar mass M∗ and the galaxy area (pir2g) respectively. We run
a Spearman’s rank correlation test on each combination of
clumpiness parametrisation-galaxy property. We note that
the number of galaxies in our sample is limited, but we con-
sider the results of the test as indicative of possible cor-
relations. The results of the test are collected in Tab 8.
We observe an anti-correlation between clumpiness and
vs/σ0 and a positive correlation between clumpiness and the
galaxy SFR surface density. The clumpiness shows only a
weak correlation with specific SFR (sSFR) and a weak anti-
correlation with the galaxy stellar mass, M∗. We show the
correlations between FHF and both vs/σ0 and ΣSFR in Fig. 10.
The high level of scatter and the low number of galaxies in
our sample poorly constrain the p-values associated with the
correlation coefficients. We can ask ourselves how the cor-
relation coefficient retrieved would change if LARS14 was
removed from the sample. As stated before, at the redshift
of LARS14 the clumpiness values derived could be affected
by the poor physical resolution. Removing the points corre-
sponding to LARS14 data in Fig. 10, the Spearman’s test
finds correlation coefficients of rspear = −0.66 (p.val : 0.014)
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Table 8. Results of the Spearman’s rank correlation test for each combination of the clumpiness parametrisation and galactic-scale
properties. For each combination both the correlation coefficient and the associated p − value (in brackets) are reported. The clumpiness
parametrisations are described in the text.
redshift vs/σ0 sSFR ΣSFR M∗ fesc(Lyα)
Ftot 0.10 (0.725) −0.71 (0.005) 0.45 (0.110) 0.65 (0.012) −0.64 (0.014) 0.64 (0.013)
FHF 0.16 (0.573) −0.71 (0.004) 0.49 (0.078) 0.71 (0.004) −0.56 (0.039) 0.67 (0.009)
F3B −0.13 (0.670) −0.67 (0.009) 0.14 (0.637) 0.34 (0.233) −0.58 (0.030) 0.53 (0.051)
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Figure 10. Clumpiness measured for the clumps with Reff < 200 pc in the HF sub-samples in function of the shear over dispersion
velocity (left) and of ΣSFR (right). Spearman’s rank correlation tests return correlations of −0.71 (p: 0.004) for the left plot and of +0.71
(p: 0.004) for the right plot.
and of rspear = 0.64 (p.val : 0.019) for the left and the right
plots, respectively. The correlation found proves that is not
LARS14 alone to drive the derived correlations.
The correlations found in this section were similarly
found for the DYNAMO sample in Fisher et al. (2017a),
where Hα clumps were proven to have a higher contribu-
tion to the host galaxy emission in galaxies which are more
dispersion-dominated (lower vs/σ0) and have higher sSFR.
The DYNAMO sample includes nearby (z ∼ 0.1) galaxies
with high gas fraction and elevated gas velocity dispersions,
resembling the properties of high-redshift galaxies (Fisher
et al. 2017a). While in DYNAMO the galaxies hosted a
gas-rich rotation-supported disk, the same is not true for
the LARS galaxies, which, both from morphological (Guaita
et al. 2015) and dynamical (Herenz et al. 2016) studies ap-
pear to be mostly merging systems with irregular morpholo-
gies (only 2 out of 14 galaxies were classified as rotating disks
in Herenz et al. 2016). Fisher et al. (2017b) used the clump
properties of the DYNAMO sample to validate the disk in-
stability models (e.g. Dekel et al. 2009) that are expected to
regulate star formation at high-redshift. The study of clumps
in our sample suggests that, even if the star-formation event
is driven by galaxy interactions, the clumpiness is affected
by the SFR surface density of the galaxy (which we can
consider as a proxy for the gas surface density) and by the
rotational-over-dispersion velocity ratio in the gas.
4.4.1 Lyman-α escape fraction vs clumpiness
In addition to the galactic-scale properties studied as a func-
tion of clumpiness in the previous section, we focus on the
relation between clumpiness and the escape of Lyα radia-
tion. Clumps are the sources of most of the ionizing radi-
ation (Messa et al. in prep.) and we also know that the
escape of Lyα radiation from galaxies is very dependent on
the gas distribution at sub-galactic scales. We can there-
fore expect that galaxy morphology and clumpiness have
an impact on the amount of Lyα radiation escaping. It has
been for example suggested that the Lyα equivalent width
of high redshift galaxies is related to their morphologies and
sizes, with compact galaxies having larger equivalent widths
compared to galaxies with more extended and diffuse emis-
sion or disks (Pentericci et al. 2010; Cowie et al. 2011; Law
et al. 2012; Paulino-Afonso et al. 2018). A similar result is
found in low-redshift galaxies, where LAEs are found to have
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Figure 11. Clumpiness of the HF sub-sample in function of
the Lyα escape fraction for the LARS galaxies. Galaxies with
fesc(Lyα)> 0.1 have a clumpiness higher than 50%. The coeffi-
cient and associated probability of the Spearman’s rank test are
0.7 and 0.006 respectively.
more compact morphologies compared to NUV-continuum
selected galaxies (Cowie et al. 2010).
Hayes et al. (2014) presented a value of the Lyα escape
fraction, fesc(Lyα), for each of the LARS galaxies. We use
updated escape fraction from Melinder et al (in prep.) which
are listed in Tab. 1. We ran a Spearman’s rank correlation
test between fesc(Lyα) and the clumpiness parametrisations
described in the previous section, finding, on average, a good
correlation, the strongest being with FHF (Tab. 8). We point
out again that we have a limited number of galaxies in our
sample and therefore the correlation we derive cannot have
high statistical significance. When plotting the correlation
(Fig. 11), we notice that not all the galaxies with elevated
clumpiness have a high fraction of Lyα escape. It is instead
true that all the galaxies with fesc(Lyα)> 0.1 have clumpi-
ness higher than 50%.
The escape fraction of Lyα in the LARS galaxies
was already studied in previous works and, for example,
Herenz et al. (2016) found a hint of anti-correlation between
fesc(Lyα) and vs/σ0. The anti-correlation, shown in the pre-
vious section, between vs/σ0 and the clumpiness could there-
fore predict a clumpiness-fesc(Lyα) correlation, consistent
with what has been found here.
5 CONCLUSIONS
We report on the sizes and luminosity properties of star-
forming clumps, in the LARS sample of nearby (z = 0.03 −
0.2) galaxies analogues of high-redshift Lyman-break galax-
ies. The total sample counts 1425 sources, 608 of which have
photometric uncertainties smaller than 0.3 mag in the 5
broad bands in which the galaxies are observed. Focusing
on the UV band (rest-frame wavelength ∼ 1500 A˚) we have
investigated luminosity distribution, SFRs of the clumps, as
well as their contribution to the total UV emission of the host
galaxy, which we refer to as clumpiness. In doing so, we also
consider the clumps properties as a function of galactic-scale
properties, namely ΣSFRand the ratio between the rotational
and dispersion velocity of the galaxy gas (vs/σ0, measured
from Hα observations in Herenz et al. 2016). We obtain the
following results:
(i) We find clump size between 10 − 600 pc, similar to
the range found in the literature for clumps in high-redshift
galaxies.
(ii) The UV luminosity function of the clumps in the
LARS galaxies can be described by a power-law with slope
α = −2.03+0.11−0.13, similarly to what has been found in other
nearby galaxies (e.g. Cook et al. 2016). When dividing the
clump sample as a function of the host-galaxy ΣSFR, we find
that clumps in galaxies with higher SFR density have a shal-
lower luminosity function, i.e. they are on average more lu-
minous (and therefore more massive). The same is true in
galaxies with low values of vs/σ0 and low stellar masses.
(iii) Converting the UV luminosities of clumps into SFR
values using Kennicutt & Evans (2012) relation, we study
the size-SFR relation of our sample, and compare to other
published samples, both local and at high redshift. We find
that LARS clumps have on average a higher SFR density
than clumps observed in z = 0 star-forming galaxies. Con-
sidering the redshift evolution of ΣSFR of clumps suggested
by Livermore et al. (2015), our sample is compatible with
SFR density in galaxies at z = 1 − 3. Some clumps have ex-
treme SFR surface densities, compatible with those found
in galaxies at redshift beyond 3. The median SFR surface
density of the LARS clumps is higher in galaxies with high
ΣSFR, low vs/σ0 and low M∗.
(iv) LARS galaxies have UV morphologies dominated by
clumps. In many galaxies the clump contribution is > 50%
of the total UV emission. We find indications of correlation
between the clumpiness and SFR surface density and of anti-
correlation with vs/σ0.
(v) We find moderate positive correlation between the
clumpiness and the Lyα escape fraction: all the LARS galax-
ies with fesc(Lyα)> 0.1 have clumpiness higher than 50%.
(vi) In order to account for the resolution effects caused
by the different redshifts of galaxies in the LARS sample,
we performed the same clump analyses in the nearby galaxy
ESO 338-IG04, hosting a population of > 100 star clusters at
a distance of 37.5 Mpc. The analyses were repeated degrad-
ing the resolution of ESO 338-IG04 in order to simulate its
observation at the redshifts of LARS01 and LARS14 (the
nearest and the most distant galaxies in the LARS sam-
ple). This test shows that degrading the resolution causes
the clumps to appear larger and brighter, affecting also the
study of clumps SFR surface densities: a better resolution al-
lows the characterisation of star-forming regions with higher
ΣSFR. Finally, the galaxies appear more clumpy when imaged
at lower resolution. This result should be kept in mind when
comparing clumps studied at different scales, especially in
high-redshift galaxies, where is usually difficult to constrain
sizes lower than ∼ 100 pc.
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We conclude suggesting that the elevated star-formation
conditions of the sample, probably set by mergers and in-
teractions (Guaita et al. 2015; Herenz et al. 2016), can drive
the formation of clumps with elevated surface brightnesses,
that contribute to a large fraction of the UV emission of
the host galaxies. However, LARS covers a narrow dynamic
range in SFRs. In the future, the inclusion of the eLARS
sample (Melinder et al., in prep), consisting of galaxies in
the same redshift range but with, on average, lower SFRs
will help probing the effect of SFR on clumpiness.
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APPENDIX A: TESTS OF THE
PHOTOMETRIC FITTING ANALYSIS
We report here additional details and testing of the photo-
metric analysis described in Section 3. The test included in
this section are:
(i) choice of the box-size for fitting (Section A1);
(ii) test of the size resolution (Section A2);
(iii) test of the effect of non-detections in some filter (Sec-
tion A3);
(iv) test of the recovered size when considering 5 filters
or only the F140LP filter (Section A4);
(v) test of the impact of source subtraction after each
source’s fitting (Section A5);
(vi) test of the completeness limits of each galaxy (Sec-
tion A6).
Synth. source
FLUX : 5.0
rc : 0.5
Synth. source (zoom)
FLUX : 3.6 ± 1.2
rc : 0.3 ± 0.3
Fit - pol. backgr.
FLUX : 109.1 ± 43.6
rc : 4.4 ± 1.8
Fit - const. backgr.
Figure A1. Test fit of a synthetic clump inserted in an region of
LARS01 characterized by strongly varying background (left and
centre-left panels). The fit with a 1st degree polynomial back-
ground (centre-right) is able to recover consistent values, while
the fit with uniform background cannot produce reliable results.
A1 Choosing the background and box size
The two major problems encountered in performing the pho-
tometric analysis were the crowding of the sources and the
contamination from background emission. They put strong
constraints on the details of the fitting routine, in particular
on the choice of the number of parameters used to model the
observation and the fitting radius. We modelled separately
the clumps and the background. Clumps were modelled by
Moffat profiles convolved with the instrumental PSF. The
background was found to change on very small spatial scales.
While testing the code we recognized that modelling it with
a constant could lead to large errors, even when the area
considered for the fit is small. As an example, we show
in Fig. A1 the fit of a synthetic source placed in a region
of LARS01 with no close neighbouring sources but with a
strongly varying background. A fit with a background mod-
elled as a 1st degree polynomial gives a good results, while
when the background is modelled as a constant value we re-
trieve completely wrong values for size and flux. This simple
example explains why it is important to accurately model
the background. We also found that in such small regions
(scales of ∼ 7 pixels), considering polynomials of higher de-
grees does not improve the quality of the fit (while instead
increasing the number of free parameters of the fit).
The choice of the number of parameters used for the
fit (4 for the clump, 3 for the background) and the sizes of
the sources to be fitted strongly influence the choice of the
area considered in the fit. We computed the fit in a box re-
gion centred on the source, which should be large enough to
include the core region of wide sources and whose number
of pixels is supposed to be large enough to be able to con-
strain all free parameters. At the same time the box should
be as small as possible in order not to include too much con-
tamination from nearby sources. We performed tests adding
synthetic sources of different radii and magnitudes in the
B−band frame of LARS01, and using cut-out boxes of dif-
ferent sizes to fit them. In general, we found that increasing
the box area increases the quality of the fit. We decided to
consider a 7 × 7 px box as the standard dimension for our
fitting process because is a good compromise between being
able to retrieve the properties of large sources (rc ≈ 2−3.5 px)
and not introducing nearby sources in the fit area. For input
core radii in the range rc = 0.3 − 3.5 and input magnitudes
between 20 and 25 mag, the fit in the 7× 7 px box results in
radii and magnitudes that differ in 50% of the cases by less
than 0.14 px and 0.15 mag respectively.
We point out that keeping the same pixel size for the
fitting box in all the galaxies implies a different physical
MNRAS 000, 1–24 (2019)
Photometry of star-forming clumps in LARS galaxies 21
10 4 10 3 10 2 10 1 100
rc (input)
10 4
10 3
10 2
10 1
100
r c
(o
ut
pu
t)
F140LP
F150LP
F336W
F438W
F775W
0 1
fraction correct
Figure A2. Test for the fit of PSF-like sources. (Left panel):
comparison between the simulated sizes, rc (input), and the values
derived from the fit, rc (output). The 1 to 1 relation is represented
by a black dotted line and sources whose difference between out-
put and input rc are less than 20% of their input size are denoted
by a black edges. (Right panel): fraction of the correctly derived
sizes (within 20% of the input value) in function of the output
size. We see that all sources for which we derive rc ≥ 0.3 have
been correctly derived, while our fitting method is not sensitive
to lower rc values.
scale according to the redshift (7 pixels correspond to 163
pc at the distance of LARS01 but corresponds to ∼ 650 pc
at the distance of LARS14). The choice was motivated by
the ability of characterizing the rc in the same way across
different galaxies. The consequence of studying sources with
different physical sizes was already explored in the text in
Section 4.1.
A2 Testing the lowest detectable size
The fitting routine models the observed clump shapes as
convolution between the instrumental PSF and a Moffat
function of core radius rc (which parametrizes the intrin-
sic radius of the source) and for this reason is in principle
able to derive infinitely small rc value. In practice, however,
extremely small rc values are not distinguishable. To test
the lowest rc value that we can confidently distinguish with
our code, we simulate synthetic clumps with rc values uni-
formly distributed in logarithmic space between 10−4 and 1
px, putting them at random positions inside LARS01 galaxy
and running the photometry code to derive their size. Each
filter and was treated independently and only one source at
the time was simulated, in order to avoid crowding effects.
In total 2500 sources were simulated (500 per filter), with lu-
minosities between 23 and 20 mag. Fig. A2 shows the results
of the test: all sources with detected size above 0.3 px have
a size difference with the input rc of less than 20%. Below
that value the code starts to be insensitive and the output rc
values are distributed randomly in comparison to the input
values. Following the results of this test we assign a value
rc = 0.3 px to all clumps with retrieved rc values below that
value, and treat them as upper limits.
0 1 2 3
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0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
r c,
nF
(p
x)
Figure A3. Comparison between the rc values retrieved consid-
ering all the 5 filters (5F), or only the filters where the source is
detected (nF) in LARS01 sources detected in 4 bands (green), 3
bands (orange) or 2 bands (blue).
A3 Non-detection in some of the filters
Clumps were extracted in the B band, without requiring a
detection in the other filers. For this reason in some cases
the photometry routine could be affected by the fact that
a source is not detected in some of the 5 bands considered.
An incorrect size derivation of the source caused by this
non-detection would in turn affect the flux measurement in
filters where the source is detected. We tested the effect of
non-detections in LARS01 by running the photometry rou-
tine a second time on clumps which have a non-detection
(mag > 30) in at least one filter. This time photometry is
run considering only the filters where the source was de-
tected. A comparison between the fit in all 5 filters and in
the detection-filters only is given in Fig. A3. In most of the
cases the derived sizes are the same within the uncertainties.
In three cases (out of 20) the two results are incompatible,
meaning that the inclusion of all filters have disturbed the
fit. For this reason during the analyses of the current paper
we selected also a sub-sample of clumps detected in all 5
bands. We point out that most of the source have a non-
detection only in one filter out of five.
A4 Size fit only in the F140LP filter
In our work we derived the size of the clumps using the 5
filters at the same time. This is fundamental because for
each clump we want to study the emission from the same
region in all filters, in order to be consistent when using the
multi-band photometry to fit the broad-band spectral energy
distribution (Messa et al., in prep.). Since in this current
paper we mostly focused on the clumps emission in the UV
band, we tested how the size derivation would be different
if only filter F140LP was considered in the size-photometry
fit. For this test we used the F140LP map of LARS01 before
the convolution to a common PSF. We find that the median
difference in the derived core radii is 0.1 px, with a standard
deviation of 0.9 px. This result suggests that we are not
introducing a bias in the size measures (the Rc derived using
5 filters is only 0.1 px larger, on average). We consider the
fit in 5 bands more stable against the background variations
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Table A1. First, second and third quartiles of the distribution
of the differences between properties derived without and with
subtracting the source in the science frame after each fit.
NO SUB − WITH SUB
Filter 25 | 50 | 75% 25 | 50 | 75% HF
Rc −0.21 | -0.02 | 0.21 −0.18 | -0.02 | 0.44
F140LP −0.34 | 0.04 | 0.28 −0.36 | 0.03 | 0.23
F150LP −0.17 | 0.05 | 0.34 −0.36 | 0.02 | 0.22
F336W −0.25 | 0.04 | 0.22 −0.30 | 0.03 | 0.21
F438W −0.20 | 0.04 | 0.26 −0.38 | 0.04 | 0.21
F775W −0.20 | 0.04 | 0.26 −0.33 | 0.04 | 0.23
and crowding effects. We expect that both these effects are
reduced when more than one filter is considered.
A5 Testing the source subtraction
The photometry routine we developed fits sources starting
from the brightest to the least bright, where this ‘prelimi-
nary’ brightness was measured in the B-band via aperture
photometry. After the fit of each source, our routine sub-
tracts its best-fit model (source only, not background) from
the science frame, in order to avoid the contamination from
the tails of bright sources to the flux of nearby dimmer ones
in subsequent fits. To measure the effect of this source sub-
traction over the derived sizes and magnitudes, we ran on
LARS01 a photometric analysis which is identical to the one
discussed in the text, except for the fact that clumps fluxes
were not subtracted from the science frames after the fitting.
Results are given in Tab. A1. The median difference in the
recovered rc values is −0.02 px, with first and third quartiles
of the distribution being ±0.21 px. The difference in rc val-
ues does not depend on the magnitudes, but it affects them.
However, the difference in recovered magnitudes in the 5
filters have median values very close to zero. The scatter in
the distributions depends on the filter but on average in 50%
of the cases are within ±0.3 mag. If only sources in the HF
sub-sample are considered similar results hold. These results
assure us that we are not introducing biases in clearing the
frames from fitted sources.
A6 Completeness limits
We tested the photometric completeness of the clumps in
LARS galaxies filter by filter by inserting synthetic clumps
of known properties (sizes and fluxes) in the LARS scientific
frames and fitting them with the same photometric code
used for the real clumps. For each filter in each galaxy, 1000
synthetic clumps were inserted at random positions inside
the area of the galaxy (as defined in Section 4.4), with mag-
nitudes uniformly sampled in the range 20 − 28 mag and˚
values sampled from a log-uniform distribution with bound-
aries rc = 0.3−3.5 px. Sources were inserted and analysed one
by one, in order to avoid biasing the results by artificially
increasing the crowding. We point out that the source was
inserted on top of the science frame and analysed without
subtracting possibly brighter sources before the analysis, as
was done in the pipeline for the real clumps. In this way
the completeness we retrieve is an upper limit, as we know
Table A2. Completeness limits for all combinations of filters
and galaxies, assuming a 90% completeness limit. Data have
been binned in 1 mag width bins to derived the listed values
(see Fig A4). The completeness values for compact sources with
rc < 2.0 px are given within parentheses.
Name F140LP F150LP U−band B−band I−band
mag mag mag mag mag
L01 22 (23) 22 (23) 22 (24) 22 (23) 22 (23)
L02 23 (24) 23 (24) 23 (25) 23 (25) 23 (24)
L03 24 (25) 23 (25) 24 (25) 23 (24) 23 (24)
L04 24 (24) 23 (24) 24 (23) 24 (24) 23 (24)
L05 23 (23) 21 (23) 23 (24) 22 (23) 23 (23)
L06 24 (25) 24 (25) 24 (25) 24 (25) 24 (24)
L07 22 (23) 22 (23) 23 (24) 22 (23) 22 (23)
L08 24 (24) 24 (24) 24 (24) 23 (24) 22 (23)
L09 23 (23) 23 (23) 23 (24) 22 (23) 22 (23)
L10 24 (25) 23 (25) 24 (24) 23 (25) 23 (24)
L11 23 (24) 22 (24) 23 (24) 23 (24) 22 (23)
L12 24 (25) 24 (26) 24 (25) 24 (25) 23 (24)
L13 − 24 (25) 24 (25) 24 (25) 22 (23)
L14 − 24 (25) 24 (25) 24 (25) 23 (24)
that sources at low luminosities benefit from the subtrac-
tion of nearby brighter sources. We show the results of the
completeness analysis in Fig. A4. We divide the sample of
synthetic sources in bins of 1 mag width and consider as cor-
rectly recovered only the sources that satisfy the following
conditions:
|coordsin − coordsout |< 1.5 px
|magin −magout |< 0.5 mag
|rc,in − rc,out |< 0.5 px
(A1)
We find completeness values that vary strongly from galaxy
to galaxy, despite similar sets of observations, suggesting
that completeness is mainly dependent on properties such as
clump crowding and different contribution of galaxy diffuse
emission. We report in Tab. A2 for each galaxy and filter
the deepest magnitude above a 90% completeness.
We know that the completeness of the clumps is related
to their surface brightness more than to the magnitude itself
and for this reason we also plot the completeness curves
considering only sources with rc < 2.0 px. With this selection
the completeness of the sample becomes deeper, typically by
∼ 1 mag.
APPENDIX B: ADDITIONAL STUDIES OF
THE CLUMP SFR
B1 Clump SFR from de-reddened UV luminosity
in Section 4.3 we analysed the SFR of clumps derived from
UV luminosities, with the simplifying assuming that clumps
have no extinction. In this appendix we repeat the analyses
of Section 4.3, de-reddening the UV luminosity of each clump
by its internal extinction, using the EB−V values derived in
Messa et al, (in prep). The luminosity is then converted into
a SFR using the same Kennicutt & Evans (2012) relation
used in Section 4.3. The distribution of the E(B-V) values
for all LARS clumps is shown in panel a of Fig. B1. The
distribution is peaked on zero extinction.
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Figure A4. Completeness curves, plotted as the fraction of recovered sources versus the input magnitude. For each galaxy the left panel
takes into account all the input sources, while the right one only the sources with input rc < 2 px. Each filter is plotted as a separate
curve, using the same colors of Fig. A2, namely purple circles for F140LP, blue squares for F150LP, cyan triangles for the U band, green
diamonds for the B band and orange triangles for the i band. The horizontal lines mark completeness limits at 1 (solid), 0.9 (dashed)
and 0.75 (dotted).
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Figure A4. Continued.
Panel b of Fig. B1 show the updated clumps’ SFR-
size relation, with the de-reddened SFR values. The me-
dian SFR density of clumps increases ∼ 3 times, going from
0.20 M/yr/kpc2 to 0.70 M/yr/kpc2 for the total sample and
from 0.54 M/yr/kpc2 to 1.70 M/yr/kpc2 for the HF sub-
sample, as can be appreciated in the figure. Therefore, even
if the majority of clumps are weakly extincted, the effect on
the clumps’ ΣSFR is significant.
B2 Fit of the clumps SFR − Reff relation
We fitted the clumps SFR − Reff relation using the func-
tional form LUV ∝ Rγeff. As described in the text we assumed
the Kennicutt & Evans (2012) relation log(SFR) [M/yr] =
log(LUV) [erg/s]− 43.35 for the conversion between SFR and
UV luminosity. We assume for this fit no internal extinc-
tion for the clumps and we use a simple least-squares fit-
ting method. We compute the fit both considering the total
sample and the HF sub-sample. In both cases, the sample
of clumps is divided in two according to their ΣSFR using
1 M/yr/kpc2 as separating value. Results of the fit are given
in Fig. B2. We do not find a considerable difference between
the different sub-samples.
B3 Median SFR of clumps in sub-samples
We divided the LARS galaxies in sub-samples in function
of their properties and in particular focusing on their SFR
surface density, vs/σ0 and stellar mass. For each property
we dived the sample in two, using as separating values
ΣSFR=0.22 M/yr/kpc2, vs/σ0 = 1 and M∗ = 2 × 1010 M.
The median clump ΣSFR of each sub-sample is reported in
Tab. B1.
This paper has been typeset from a TEX/LATEX file prepared by
the author.
Table B1. Median ΣSFR of the clumps. The columns are: (1)
Name of the sub-sample, (2) ID of the galaxies included in the
sub-sample, (3) median considering the clumps of the total sam-
ple, (4) median considering only the clumps of the HF sub-sample.
Sample Included median(ΣSFR) median(ΣSFR,HF)
(M/yr/kpc2) (M/yr/kpc2)
(1) (2) (3) (4)
low ΣSFR 2,3,4,6,8,9 0.16 0.45
high ΣSFR 1,5,7 0.60 1.00
low vs/σ0 2,5,7 0.31 1.12
high vs/σ0 1,3,4,6,8,9 0.19 0.48
low M∗ 1,2,5,6,7 0.34 1.00
high M∗ 3,4,8,9 0.18 0.43
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Figure B1. Panel (a): distribution of EB−V values for the clumps in LARS, derived in Messa et al, (in prep.). Panel (b): updated version
of Fig. 8(a), using SFR values derived from UV luminosities corrected for stellar extinction. The dashed lines are the old median values
of ΣSFR, while the solid lines are the new values.
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Figure B2. SFR-size relation for the clumps in the LARS galax-
ies. Clumps with ΣSFR > 1 M/yr/kpc2 are colored in red. The
best fit lines for the relation SFR ∝ Rγ
eff
are over-plotted for
the total sample (solid lines) and for the HF sub-sample (dashed
lines).
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